Aims: During ischemia/reperfusion (I/R), ribosomal S6 kinase (RSK) activates Na þ /H þ exchanger 1 (NHE1) by phosphorylating NHE1 at serine 703 (pS703-NHE1), which promotes cardiomyocyte death and injury. Pharmacologic inhibition of NHE1 effectively protects animal hearts from I/R. However, clinical trials using NHE1 inhibitors failed to show benefit in patients with acute myocardial infarction (MI). One possible explanation is those inhibitors block both agonist-stimulated activity (increasing I/R injury) and basal NHE1 activity (necessary for cell survival). We previously showed that dominant-negative RSK (DN-RSK) selectively blocked agonist-stimulated NHE1 activity. Therefore, we hypothesized that a novel RSK inhibitor (BIX02565) would blunt agonist-stimulated NHE1 and protect hearts from I/R. Methods and Results: Serum/angiotensin II-stimulated pS703-NHE1 was significantly decreased by BIX02565 in cultured cells. Intracellular pH recovery assay showed that BIX02565 selectively inhibited serum-stimulated NHE1 activity. Ischemia/reperfusion decreased left ventricular-developed pressure (LVDP; inhibited) to 8.7% of the basal level in non-transgenic littermate control (NLC) mouse hearts, which was significantly improved (44.6%) by BIX02565. Similar protection was observed in vehicle-treated, cardiac-specific DN-RSK-Tg mice (43%). No additional protective effect was seen in BIX02565-treated DN-RSK-Tg hearts. BIX02565 also improved LVDP in cardiac-specific wild-type (WT)-RSK-Tg mouse hearts (7.4%-40.9%, P < .01). Finally, Western Blotting results confirmed DN-RSK and BIX02565 significantly decreased I/R-induced pS703-NHE1. Conclusion: The RSK plays a crucial role in I/R-induced activation of NHE1 and cardiac injury. The RSK inhibition may provide an alternative target for patients with MI.
Introduction
Cardiovascular disease is the leading cause of death globally, of which about 50% is related to ischemia-induced heart failure. A critical factor in the development of heart failure is cardiomyocyte death. Intracellular pH (pHi) is essential to maintain cell viability. At low pHi, the cells are more susceptible to death. Under conditions of low oxygen supply (which occurs during ischemia/reperfusion [I/R] injury), transporters such as the sodium-hydrogen exchanger (NHE) are important regulators of pHi. [1] [2] [3] The NHE1 is the major isoform expressed in heart 3 pharmacologic or genetic inhibition of NHE1 activity and has been proven to protect mouse hearts from I/R injury. [4] [5] [6] [7] However, clinical trials using NHE1 in humans showed mixed results and side effects. [8] [9] [10] This discrepancy may possibly be due to the inhibition of both basal and stimulated NHE1 function by the drugs chosen for the trials.
Our laboratory has reported that p90 ribosomal S6 kinase (RSK), a mitogen-activated serine threonine kinase, is highly activated in failing human hearts 11 as well as in ischemic animal hearts. 12 We have also shown that I/R-activated RSK phosphorylates NHE1 at serine 703 (S703). This phosphorylation site is responsible for the binding of protein 14-3-3, which maintains NHE1 in a highly activated state. [13] [14] [15] The NHE1 S703A mutation abolishes serum-stimulated NHE1 activation while maintaining basal NHE1 activity. 13 Previously we showed that H9C2 cells, a cardiac-derived cell line, transfected with Ad-NHE1S703A had lower apoptosis after anoxia/reoxygenation. 15 Interestingly, overexpressing dominant-negative RSK (DN-RSK) blunts hydrogen peroxide (H 2 O 2 )-stimulated NHE1 activation while maintaining basal NHE1 activity. 15 In addition, cardiac-specific DN-RSK transgenic (DN-RSK-Tg) mice exhibit cardioprotection in an infarction model. 15 Hence, we hypothesized that RSK inhibitor will blunt I/R-induced activation of NHE1 (but maintain basal NHE1 activity) and protect hearts from I/R injury.
The RSK consists of 2 functional kinase domains, N-terminal kinase domain (NTKD) and C-terminal kinase domain (CTKD). [16] [17] [18] A novel RSK inhibitor BIX02565 targeting the NTKD of RSK was recently reported by Boehringer-Ingelheim. [19] [20] [21] BIX02565 represents more than 100-fold selectivity for RSK compared to over 220 kinases analyzed through Invitrogen Kinase Select Screen profiling, except for leucine-rich repeat kinase 2 (LRRK2) and protein kinase D1 (PRKD1). 19 In addition, BIX02565 has a significantly higher in vitro affinity compared to the 2 most commonly used RSK inhibitors, fmk (15-fold) and BI-D1870 (30-fold). 18 In this study, we investigated the ability of BIX02565 to inhibit agonist-induced NHE1 phosphorylation and activation in vitro and ex vivo. Our results showed that BIX02565 pretreatment significantly improved cardiac functional recovery and decreased infarct size in non-transgenic littermate control (NLC) and cardiac-specific wild-type (WT)-RSK-Tg mouse hearts after I/R. The protective effects were similar to what were observed in DN-RSK-Tg mouse hearts.
Materials and Methods

Cell Culture and Reagents
The myoblastic H9C2 cell line (originally derived from embryonic rat heart tissue) was purchased from the American Tissue Type Collection (ATTC; Manassas, Virginia; Catalog no. CRL-1446). PS127A cells (Chinese hamster lung fibroblasts that overexpress human NHE1) were a gift of Dr J. Pouysse 0 gur (University of Nice, France). Human embryonic kidney (HEK 293) cells were purchased from ATTC (Catalog no. CRL-1573). Primary culture of rat aortic smooth muscle (RASM) cells was prepared in our laboratory as described previously 22 and used before passage 12. All cells were maintained in Dulbecco-modified Eagle medium (catalog no. 11995; Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin and 100 mg/mL streptomycin. BIX02565 was kindly provided by Boehringer-Ingelheim Pharmaceuticals Corporation (Ridgefield, Connecticut). The detailed specificity and potency of BIX02565 have been tested and reported in a separate article. 19 Anti-phospho-NHE1 (S703) antibody detecting sequence ''TMSRARIGSpD-PLAYE'' 14 was kindly provided by Boehringer-Ingelheim.
Preparation of Cell Lysates and Western Blotting
Prior to the start of experiments, cells were serum starved (0% FBS) overnight. BIX02565 and fmk were added 1.5 hours and calphostin C (catalog no. EI198; BIOMOL International LP, USA) was added 0.5 hour before the stimulation. Cells stimulated with 20% FBS for 5 to 20 minutes or 100 nmol/L angiotensin II (Ang II) for 5 minutes were harvested using lysis buffer (catalog no. #9803; Cell Signaling, USA). Mouse heart samples harvested at the end of 40 minutes ischemia and 10 minutes reperfusion were immediately frozen in liquid nitrogen (LN). Hearts were ground to powder in LN. Protein samples were obtained by adding lysis buffer to the heart powder. After sonication and centrifugation, supernatants were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted with anti-phospho-NHE1 (S703) antibody. Anti-NHE1 (Chemicon, USA) and anti-tubulin (Sigma, USA) were used as loading controls. Anti-phospho-ERK1/2 (Cell Signaling) was used as a positive control.
Intracellular pH Measurement
Activity of NHE1 was determined by pHi recovery following acid loading using the fluorescent pH-sensitive dye, acetoxymethyl ester of 2',7'-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM; Molecular Probes, Inc, Eugene, Oregon) as described previously. 23 All experiments were performed at 37 C. Briefly, H9C2 cells were grown in 96-well collagen-coated plates (BD 354649) and serum staved (0% FBS) for 24 hours prior to use. Cells were loaded with 5 mmol/L BCECF-AM for 30 minutes. After that, the cells were washed 2 times and prepulsed with acid loading buffer containing 10 mmol/L ammonium chloride (NH 4 Cl) for 30 minutes with or without different dosages of BIX02565. For the serum stimulation, 10% FBS was added during the final 10 minutes of acid loading. Initial baseline fluorescence was recorded for each well simultaneously using a fluorescenceimaging plate reader (FLIPRTETRA; Molecular Devices, USA) at 470 to 495 emission/515 to 575 excitation. Data were collected for 5 minutes for each treatment. Afterward, the nigericin/high Kþ technique with 20 mmol/L nigericin in KCl solution (130 mmol/L KCl, 10 mmol/L Hydroxyethyl-Piperazine Ethanesulafonic Acid (HEPES), pH 7.4-6.5) was used to calibrate the relationship between excitation ratio and pHi. The rate of pHi recovery was converted to millimoles (mmol) of Hþ per minute per liter cells (JH) by multiplying with the buffering power. Buffering power was calculated from the change in cell pHi observed upon NH 4 Cl addition. The data were then plotted by calibrating 10% FBS-stimulated NHE1 activity as 100%. The NHE1 activity under all the other treatments was calibrated as a ratio of the 10% FBS treatment.
Animals and Measurement of Left Ventricular Function by Langendorff Preparation
The animal experiments conform to the Guide for the Care and Use of Laboratory Animals that was published by the US National Institute of Health in 1996. The transgenic mouse strain that overexpresses WT-RSK or DN-RSK (with K94A/ K447A) under the control of a-myosin heavy-chain promoter was generated as described previously. 12, 15 Mice were maintained by breeding to filial 1 of Friend Virus B-Type mouse (FVB F1) animals (Jackson Laboratory, Bar Harbor, Maine). All mice were used in accordance with the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health. All procedures were approved by the University of Rochester Animal Care Committee.
WT-RSK-Tg, DN-RSK-Tg, and NLC mice (10-12 weeks of age) were anesthetized with ketamine (130 mg/kg) and xylazine (8.8 mg/kg) intraperitoneally (IP) and heparinized (5000 U/ kg) IP. Hearts were subjected to Langendorff preparation as described previously. 12, 24 Briefly, hearts were randomly excised in a blinded manner and immersed in a chamber maintained at 37 C in KH buffer (118 mmol/L NaCl, 4.7 mmol/L KCl, 1.2 mmol/L MgSO 4 , 1.2 mmol/L KH 2 PO 4 , 2.5 mmol/L CaCl 2 , 25 mmol/L NaHCO 3 , 0.5 mmol/L Na-EDTA, and 11 mmol/L glucose), which was saturated with 95% O 2 /5% CO 2 (v/v, pH 7.4, 37 C) for 30 minutes. Isolated hearts were perfused through the aorta in a retrograde Langendorff apparatus with KH buffer in constant flow mode (12 mL/min/g tissue). A homemade water-filled balloon was inserted into the left ventricle through the left atrium and was adjusted to a left ventricular end-diastolic pressure of 2 mm Hg during initial equilibration. In the absence of a heart, we confirmed that the balloon was sufficiently large to allow it to be fully inflated to greater than the size of stretched ventricular lumen without itself exerting any pressure. Cardiac functionality was monitored by a water-filled left ventricular latex balloon linked to a pressure transducer with digital recording (Dataq, Akron, Ohio). Isolated hearts were subjected to 20 minutes perfusion with KH buffer for stabilization and then perfused for 10 minutes with vehicle (KH buffer) or BIX02565 (30, 100, 300 nmol/ L) in KH buffer. BIX02565 was only perfused at this stage. Hearts from DN-RSK-Tg and NLC mice were then subjected to 40 minutes of no-flow normothermic global ischemia and hearts from WT-RSK-Tg mice were subjected to 20 minutes of ischemia (due to the susceptibility of WT-RSK-Tg mice to the I/R 25 ), followed by 60 minutes of reperfusion.
Analysis of Infarct in the Hearts
Following I/R, hearts were sliced horizontally and stained with 2,3,5-triphenyltetrazolium chloride (TTC). Infarct area was analyzed with Scion Image (Scion Corporation, USA) as described previously. 25 
Statistical Analysis
The animal number for each group (n ¼ 6) was determined by a power calculation. The formula for determining the sample sizes for 2 independent populations is n i ¼ 2(zs/E)2. Z is the value from the table of probabilities of the standard normal distribution for the desired confidence level (eg, Z ¼ 1.96 for 95% confidence). s is the standard deviation (SD) of the outcome of interest. E is the margin of error that the investigator specifies as important from a clinical or practical standpoint. Values are presented as mean + standard error of the mean. Statistical differences between groups were determined by 1-way analysis of variance. Afterward, 2-tailed t test was run to compare each group. Values of P < .01 were considered statistically significant.
Results
Serum-and Ang II-Stimulated Phosphorylation of NHE1 at S703 is Inhibited by a Novel RSK Inhibitor, BIX02565
We have previously demonstrated that serum and Ang II activate RSK, which then phosphorylates NHE1 at S703, leading to a significant increase in its activity. 13, 14, 22, 26 To evaluate the efficacy of BIX02565 as an antagonist of RSK downstream signaling, we studied responses elicited by serum or Ang II and assayed NHE1 S703 phosphorylation (pS703-NHE1) using a phospho-specific antibody. As shown in Figure 1 , treatment with 20% FBS for 5 minutes significantly induced NHE1 phosphorylation in H9C2 cells (5.0 + 0.2-fold). BIX02565 inhibited FBS-stimulated NHE1 phosphorylation in a dosedependent manner ( Figure 1A and B ). At 1 mmol/L BIX02565, pS703-NHE1 in response to 20% FBS was inhibited by 76%. In contrast, FBS-stimulated ERK1/2 phosphorylation was not affected by BIX02565, demonstrating both specificity and minimal effect on signaling upstream of RSK. We next investigated whether BIX02565 was able to block RSK signaling in other cell types (Supplemental Figure S1A-C). As shown in Figure S1A , BIX02565 diminished serumstimulated NHE1 phosphorylation (at 5 minutes) in PS127 cells in a dose-dependent manner. A similar effect was seen in HEK 293 cells ( Figure S1B ). Angiotensin II (100 nmol/L) significantly increased NHE1 phosphorylation in RASM cells, which was completely abolished by BIX02565 ( Figure S1C ). Fmk is another RSK inhibitor, 27, 28 which specifically inhibits RSK-CTKD, while BIX02565 inhibits RSK-NTKD. We found that fmk also decreased Ang II-stimulated NHE1 phosphorylation in RASM, similar to BIX02565 ( Figure S1C ). In contrast, the protein kinase C (PKC) inhibitor calphostin C had no effect on Ang IIstimulated NHE1 phosphorylation, which is consistent with our previous observation that NHE1 S703 is specifically phosphorylated by RSK but not by PKC upon Ang II stimulation. 26 To confirm that the pS703-NHE1 antibody exhibited high specificity, we expressed WT full-length NHE1 (1-815aa), C-terminal NHE1 (516-815aa), and C-terminal NHE1 (516-815aa) S703A mutant in PS120 cells that lack endogenous NHE1 ( Figure S2 ). After serum stimulation, pS703-NHE1 antibody detected both full length and C-terminal of WT-NHE (lanes 1 and 2) but not NHE1 S703A (lane 3). There were very few nonspecific bands. The band at 40 kD in the NHE1 (1-815) lane is likely a degraded NHE1 product that contains the C-terminal NHE1. 29, 30 These observations confirm that the pS703-NHE1 antibody is a specific reagent for detecting RSK activity.
BIX02565 Inhibits Serum-Enhanced But Not the Basal NHE1 Activity
Our previous study showed that NHE1 S703A mutant or DN-RSK prevented agonist stimulation of NHE1 without affecting its basal activity. 13, 15 To evaluate whether BIX02565 can selectively abolish agonist-stimulated NHE1 activity, we performed a pHi recovery assay (Figure 2 ). Ten percent FBS fully activated NHE1 (calibrated as 100%) compared to the 34% activation of NHE1 at the basal level. Pretreatment with BIX02565 inhibited serum-stimulated NHE1 activity in a dose-dependent manner. Serum-stimulated NHE1 activity was inhibited by BIX02565 with a half maximal inhibitory concentration 50 (IC50) of *1.2 mmol/L. These data are consistent with the inhibition of pS703-NHE1 by BIX02565 in Figure 1 . Importantly, there was no inhibition of basal NHE1 activity up to 10 mmol/L BIX02565.
BIX02565 Improves Cardiac Function in NLC Mouse Hearts After I/R in a Dose-Dependent Manner
Although NHE1 inhibitors have been well documented to be beneficial in animal I/R models, 5-7 clinical trials using NHE1 inhibitors showed mixed results. [8] [9] [10] We suggest this may be due to the fact that the inhibitors studied inhibited both agonist-stimulated activity and basal NHE1 activity, while the latter is necessary for cell survival after exposure to I/R. Our previous study showed that overexpressing NHE1S703A in cardiac H9C2 cells decreased apoptosis in response to anoxia/reoxygenation. 15 To further investigate whether inhibiting I/R activated NHE1 while maintaining the basal NHE1 activity is cardioprotective, we introduced ex vivo I/ R with the Langendorff system using NLC mouse hearts pretreated with or without BIX02565 at different concentrations ( Figure 3 ). The protocol of I/R is shown in Figure 3A . Before ischemia, there was no significant difference in left ventricular developed pressure (LVDP), dp/dt max, or rate pressure product (RPP) between BIX02565and vehicle-treated groups (Figure 3B-D) . After I/R, LVDP dramatically decreased to~8.7% of the basal level in NLC mouse hearts. In contrast, there was a significant recovery of LVDP in hearts treated with BIX02565. Treatment with BIX02565 (30 and 100 nmol/L) increased cardiac functional recovery in a dose-dependent manner (27.2% with 30 nmol/L and 44.6% with 100 nmol/L; Figure 3B ). Similarly, a dose-dependent cardioprotection was observed in post-I/R dp/dt max and RPP ( Figure 3C and D) . However, no additional improvement was seen with further increase in BIX02565 to 300 nmol/L ( Figure 3B-D) . Therefore, 100 nmol/L BIX02565 was used for all subsequent experiments. Figure 2 . BIX02565 inhibits serum enhanced but not the basal Na þ /H þ exchanger 1 (NHE1) activity. H9C2 cells were serum starved (0% fetal bovine serum [FBS]) for 24 hours and kept in the presence of 10% FBS (--) or 0% FBS (--) for recording the enhanced and basal NHE1 activity (measured by the rate of intracellular pH [pHi] recovery). BIX 02565 was titrated to the cells with (-~-) and without FBS (--). The 10% FBS-stimulated NHE1 activity was calibrated as 100%. The NHE1 activity under all the other treatments was calibrated as a ratio to the 10% FBS treatment. BIX 02565 inhibited serum-enhanced NHE1 activity in a dose-dependent manner while had no effect on basal NHE1 activity.
The Cardioprotective Effect of BIX02565 is Mediated by the Inhibition of RSK
We previously showed that I/R-induced NHE1 activity was blunted in cardiac DN-RSK-Tg mouse hearts. 15 To further understand the role of RSK in I/R injury, we evaluated cardiac functional recovery in BIX02565 (100 nmol/L)-treated and untreated NLC and compared the recovery to DN-RSK-Tg mouse hearts. Under basal conditions, there was no significant difference in LVDP or dp/dt between BIX02565 untreated and treated DN-RSK-Tg and NLC mouse hearts (first data point in Figure 4 ). After I/R, hearts from DN-RSK-Tg mice displayed a significant recovery of LVDP compared to the NLC (43% vs 8.7% of baseline, P < .01; Figure 4A ). Similarly, post-I/R dp/ dt max (35.4% vs 5.5%, P < .01; Figure 4B ) and RPP in DN-RSK-Tg hearts were also significantly increased compared to NLC hearts (37.5% vs 8% of baseline, P < .01; Figure 4C ). These data are consistent with our previous finding of enhanced cardiac function after in vivo I/R in DN-RSK-Tg mice. 15 BIX02565 treatment significantly increased LVDP in NLC hearts after I/R (8.7%-44.6%, P < .01; Figure 4A ). Interestingly, this LVDP recovery was similar to what was seen in the untreated DN-RSK-Tg mouse hearts (44.6% vs 43%; not significant [ns]). The dp/dt max (5.5%-40.4%, P < .01) and RPP (8%-38.6%, P < .01) after I/R in NLC mouse hearts were also significantly increased by BIX02565 treatment.
It is interesting to notice that BIX02565 did not further improve any measurements of cardiac function in the DN-RSK-Tg mouse hearts (LVDP: 50.2% vs 43%, ns; dp/dt: 37.5% vs 41.3%, ns; and RPP: 49% vs 35.4%, ns; Figure 4 ). We interpret this result to show that the cardioprotective mechanism of BIX02565 is primarily through inhibiting RSK and NHE1. To further prove our hypothesis, we investigated the effect of BIX02565 on cardiac-specific WT-RSK-Tg mouse hearts after I/R. BIX02565 significantly improved LVDP in WT-RSK-Tg mouse hearts after I/R (7.4%-40.9%, In brief, hearts isolated from NLC mice were perfused with KH buffer for 20 minutes for stabilization. After this, hearts were perfused without or with BIX02565 (30, 100, and 300 nmol/L) for 10 minutes, followed by global ischemia for 40 minutes and reperfusion for 60 minutes. *Indicates the first data point in Figure 3B and D. B, Measurements of left ventricular-developed pressure (LVDP). C, dp/dt max. D, Rate pressure product (RPP) before and during I/R with vehicle or BIX02565 treatment in NLC mouse hearts. The RPP was calculated based on the equation: RPP ¼ LVDP (mm Hg) Â heart rate (bpm). Values are shown as mean + standard error of the mean [SEM], n ¼ 6, *P < .01. P < .01; Figure S3 ). These results indicate inhibiting RSK is protective in cardiac I/R injury.
BIX02565 Reduces Infarction in NLC Hearts After I/R Injury
We next analyzed the infarct size after I/R. As shown in Figure  5 , I/R resulted in a 40.1% infarct area in NLC mouse hearts. Treatment with 30 nmol/L BIX02565 had no significant change in infarct area (data not shown). However, treatment with 100 nmol/L BIX02565 dramatically reduced infarct size in NLC hearts (to 22.5%, P < .01). No additional protection was seen with 300 nmol/L BIX02565-treated mouse hearts (infarct to 25%) compared to 100 nmol/L BIX02565 (data not shown), which is consistent with the data shown in Figure 3 . Similar to our previous findings, 15 vehicle-treated DN-RSK-Tg mouse hearts had a significant decrease in infarct area after I/R compared to NLC (22.5% vs 40.1%, P < .01; Figure 5 ). However, no additional decrease in infarct size was seen in 100 nmol/L BIX02565-treated DN-RSK-Tg compared to untreated DN-RSK-Tg mouse hearts (22.5% vs 23.2%, ns; Figure 5 ).
Inhibiting RSK Blunts I/R-induced pS703-NHE1
To determine whether BIX02565 inhibits pS703-NHE1 in the heart tissue, we collected mouse heart samples from different time points of I/R. In preliminary experiments, we found pS703-NHE1 started after reperfusion and peaked at 10 minutes after reperfusion (data not shown). 15 Therefore, we compared I/R-induced pS703-NHE1 in NLC mouse hearts treated with vehicle or BIX02565 (100 nmol/L) as well as DN-RSK-Tg mouse hearts. As shown in Figure 6 , there was no phosphorylation of NHE1 S703 detected at the end of 40 minutes ischemia (lane 1, NLC þ vehicle ''I'' only). However, after 10 minutes reperfusion (lanes 2-5, NLC þ vehicle ''I/R''), there was a 4-fold increase in pS703-NHE1 in NLC mouse hearts ( Figure 6B) . In contrast, pS703-NHE1 was significantly decreased with the addition of BIX02565 (lanes 6-9, NLC þ BIX 100 nmol/L ''I/R''). As expected, I/R could not induce pS703-NHE1 in DN-RSK-Tg mouse hearts (lanes 10-13, DN-RSK-Tg þ vehicle ''I/R''), indicating RSK is responsible for I/R-induced pS703-NHE1.
Discussion
The major findings of the present study are that the novel RSK inhibitor BIX02565, which specifically targets the NTKD of RSK, inhibits pS703-NHE1/activation and improves cardiac function after I/R. Data to support this conclusion include (1) BIX02565 is highly selective for RSK compared to other mammalian kinases, 31 (2) BIX02565 inhibits serum-enhanced NHE1 activity without affecting the basal NHE1, (3) cardiacspecific DN-RSK-Tg significantly improves cardiac functional recovery and decreases infarction size after I/R, (4) BIX02565 provides similar cardioprotective effect in NLC and WT-RSK-Tg compared to DN-RSK-Tg, and (5) both BIX02565 and DN-RSK-Tg inhibit I/R-induced pS703-NHE1 in mouse hearts.
We have previously shown that in response to extracellular stimuli (eg, Ang II, H 2 O 2 , and anoxia/reoxygenation), RSK phosphorylates NHE1 at S703, recruits 14-3-3 binding to NHE1, and maintains high activity of NHE1. [13] [14] [15] 26 Those discoveries were based on in vitro kinase assays and NHE1 activity measurements (pHi recovery assay) with NHE1 S703A and DN-RSK. [13] [14] [15] 26 We now extend those findings through directly detecting phosphorylation of NHE1 S703 with a phospho-specific antibody.
The rationale for inhibiting NHE1 for cardioprotection has been well documented and reviewed. [32] [33] [34] [35] [36] Pharmacologic or genetic inhibition of NHE1 activity has been proven to protect mouse hearts from I/R injury, 4-7 possibly through inhibiting mitochondria permeability transition pore and reactive oxygen species generation. 31, 37, 38 However, clinical trials using NHE1 inhibitors showed minimal positive effects. [8] [9] [10] In addition, 2 recent studies by Imahashi et al 39 and Cook et al 29 reported that transgenic mice with cardiac overexpression of NHE1 were protected from I/R. The latter study interpreted this phenotype was due to the increased endoplasmic reticulum stress by overexpressing NHE1. Another study using transgenic mice overexpressing activated form of NHE1 showed higher glycolysis, fatty acid oxidation, adenosine triphosphate (ATP) production, and less cardiac I/R injury compared to NLC and WT-NHE1-Tg. 40 Interestingly, NHE1 inhibition still provided beneficial effect in both NHE1-Tg and NLC mice upon I/R. 38, 39 These results indicate the complicated role of NHE1 in I/R injury and support our hypothesis that maintaining basal NHE1 activity is important for I/R protection.
One study done by Karki et al reported that sustained intracellular acidosis (SIA) increased NHE1 activity independent of pS703-NHE1. 41 They also showed DN-RSK (K100A) did not block SIA-increased NHE1 activity. However, the same group reported RSK was phosphorylated and activated by SIA. This RSK together with ERK then activated NHE1. 42 It has been reported that both K100 and K451 sites are important for RSK activation of its substrates. 43, 44 Therefore, it will be interesting to see whether RSK inhibitor can block SIA-increased NHE1 activity. Importantly, there are significant differences between activation of RSK and NHE1 by I/R compared to SIA, especially greater oxidative stress in I/R.
Recently, chemicals targeting CTKD and NTKD of RSK have been reported to inhibit its activity in vitro. 18, 28, 45, 46 However, all the known RSK inhibitors have to be used at relatively high concentrations from 3 mmol/L (fmk) 27,28 to 10 mmol/L (BI-D1870), 45 which raises the possibility of nonspecific effects. BIX02565 is designed to compete with ATP binding on NTKD of RSK. Our study showed that BIX02565 inhibited RSK downstream signaling at 1 mmol/L, indicating a higher potency of this novel inhibitor. The NTKD of RSK has a similar structure to the active domain of PKC. 47 To exclude the possibility that NHE1 is phosphorylated by PKC, we showed that PKC inhibitor calphostin C had no effect on pS703-NHE1. This result is consistent with our previous report that Ang II-stimulated pS703-NHE1 in RASM cells was mediated by RSK but not PKC. 26 It further supports the concept that BIX02565 specifically inhibits RSK activation.
As the first report of targeting RSK (a key regulator of NHE1) inhibition in cardiac I/R, we suspect that RSK inhibitor may work in similar patient population (the subgroup of patients about to undergo coronary bypass surgery in the GUARDIAN trial) to NHE1 inhibitors and has to be present through both ischemia and reperfusion stages. 8, 10, 48, 49 Intriguingly, in the current study, we showed that BIX02565 (1 mmol/ L) inhibited agonist-induced NHE1 phosphorylation/activity without affecting the basal NHE1. Moreover, significant cardiac improvement after I/R was observed in 100 nmol/L BIX02565-treated mouse hearts. These results may be explained by several mechanisms: The in vivo potency of BIX02565 is greater than in vitro, pS703-NHE1 phosphorylation is a better indicator than pHi recovery of NHE1 agonist-mediated activity, and partial inhibition of NHE1 is protective for I/R. Further investigation of RSK inhibitors in a variety of disease models may provide greater understanding of the potential of RSK inhibition as an alternative approach.
There are several caveats to the interpretation of the data presented here. First, RSK is directly phosphorylated and activated by ERK1/2 in response to various extracellular stimuli, such as hormones, growth factors, and neurotransmitters. Upon activation, RSK phosphorylates IkB, 50 which leads to the ubiquitination/degradation of IkB, activation of transcription factor NFkB, and consequent promotion of cell inflammation and proliferation. Activation of NFkB has been reported in many cardiac diseases such as atherosclerosis, [51] [52] [53] chronic heart failure, 54 and I/R. 55 Therefore, the RSK inhibitor may act through pathways other than NHE1 to provide cardioprotection. Second, a recent report found that BIX02565 had >50% inhibition on ligand binding for adrenergic a, b, and imidazoline I2 receptors, with the IC50 values between 0.052 and 1.820 mmol/L in vitro. BIX02565 at 3 mmol/L ex vivo and 21.8 mmol/L in vivo, respectively, affected aortic ring relaxation, mean arterial pressure, and heart rate in rat. 21 Although BIX02565 was used at 30 times lower dose (100 nmol/L) in our ex vivo studies in mouse, we cannot fully excluded the possibility of off-target effect. Third, it is possible that BIX02565 attenuated ischemiainduced myocardial stunning by preventing ischemia-stimulated NHE1 activation (which leads to operation of the Na þ /Ca 2þ exchanger in reverse mode) and Ca 2þ overloading in the cells.
In conclusion, the present study found that a novel RSK inhibitor, BIX02565, targeting NTKD kinase of RSK, significantly inhibited pS703-NHE1 and improved cardiac function after I/R. The present findings suggest that BIX02565 and related compounds may provide new therapeutic options for patients with myocardial infarction, coronary artery bypass graft surgery, and other situations where I/R affects organ function. However, the chemical characteristics of current RSK inhibitors need to be improved for in vivo use. Most importantly, more rapid of inhibition of RSK with improved inhibitors would be beneficial so that they can be given during reperfusion.
